The detection of microbubble contrast agents in the vessels of the microcirculation is currently limited by the high clutter signal imposed by surrounding soft tissue. By inducing nonlinear resonant oscillation in a population of microbubbles, echoes at the second harmonic can be detected preferentially, thus segmenting the blood signal from that due to tissue. We have implemented real time harmonic imaging and Doppler using an clinical array imaging system and show that with bubble agents it can detect flow in 40 pm vessels of the kidney. At higher incident peak pressures (above about 0.5 MPa at about 3 MHz), some microbubble contrast agents are irreversibly disrupted by ultrasound.
INTRODUCTION
Ultrasound contrast agents, consisting of suspensions of stabilized microbubbles, were originally developed to enhance the backscattered echo from blood. It was found serendipitously that the radial resonant frequency of bubbles small enough to pass through the microvasculature of the human pulmonary capillary bed falls within those typically used in clinical ultrasound imaging.
Furthermore, the pressure amplitude required to drive such encapsulated bubbles into nonlinear oscillation also falls within the range used diagnostically.
The echoes generated by the nonlinearly oscillating bubbles are rich in harmonics, which present an opportunity to image small vessel bloodflow hitherto undetectable.
In such vessels, the flow velocity is often smaller than that of the tissue which contains them, yet the blood echo may be 40 dB less than that of the tissue, making it impossible, even with 20 dB of enhancement provided by a typical contrast agent, to differentiate the flow based on the Doppler signal. Harmonic imaging uses the nonlinear component of the received echoes to make this differentiation.
THEORY
We have developed a theory for predicting acoustic response of a bubble population in realistic imaging conditions. Following a line of reasoning initiated by Lord Rayleigh, a bubble is understood as an oscillator with the liquid exterior as the mass and the gas interior as the spring. The incident acoustic waves appear to the bubble as a time-varying pressure and the bubble responds by oscillating in a radial "breathing" mode, which in turn radiates an acoustic echo that is detected by the transducer. An equation developed by Trilling (1) from first principles has been modified to remove unnecessary approximations and to account for a varying pressure. The echo from a bubble was obtained by numerical integration. An ensemble of bubbles, each with a random size and position, was created. The size distribution of the bubbles follows that of an actual agent. The position of each bubble and the beam geometry of the transducer determines the pressure experienced by the bubble.
The radiated waveforms from each were summed coherently to produce simulated echoes from a population. These time-domain signals were analyzed. The power received in the fundamental band was found to be approximately proportional to the square of the incident focal amplitude; the power in the 2"* harmonic band related to the (2.8-3.75)fh power of the amplitude (2).
EXPERIMENTAL METHOD
A clinical scanner (HDI 3000, ATL Inc.) was modified to transmit normal imaging pulses at a fundamental frequency and to filter the echo signals to obtain the 2"d harmonic component. These 2"d harmonic signals were used in the power Doppler imaging mode, in which the total power instead of the mean frequency of the Doppler signal is mapped to a colour scale. Animal kidneys were scanned with Levovist@ (Schering AG, Berlin) at 0.2 mL/kg. Exploiting the strong transient nonlinear echoes during the first few pulses at a peak pressure of about 2 MPa, the scanner was configured to make only one colour image frame per cardiac cycle, time-gated by ECG. This "transient power Doppler" mode allows time for replenishment of disrupted agent in the region of interest. An animal heart was scanned with a phased-array probe transmitting at 1.7 MHz and receiving at 3.4 MHz.
Histological correlation of sections from the kidneys suggested that flow was detected in the harmonic power mode, after injection of Levovist@, from vessels of about 40 pm mean diameter (3). In the heart, the lumen of the left ventricle (LV) was strongly enhanced; but more importantly, the left ventricular wall (W) and septum (S) were clearly enhanced, indicating myocardial blood flow (Figure 1) . The apex (A) showed little enhancement due to the reduced local incident pressure outside of the focal zone. When the focal zone was shifted to the near field, the apex showed visible enhancement. Figure 1 . Images of a heart before and after injection of Levovist*, left ventricular wall and septum were clearly enhanced.
DISCUSSION
Harmonic imaging increases the detected signal level of microbubble echoes in the vascular system in relation to those from solid tissue. There is, however, a price paid for such contrast improvement. First, the transmit and receive centre frequencies are typically near the edge of the passband of a modern transducer array, making it difficult to preserve signal-to-noise performance. Image resolution is determined by the transmit/receive bandwidth which is necessarily reduced in harmonic mode. Broadening this bandwidth improves resolution but sacrifices contrast as energy is transmitted in the range of the receive filter, thus allowing linear echoes to enter the receiver. This latter limitation is, however, peculiar to the simple filtering scheme used to date. A more general approach can be implemented to detect nonlinear echoes over the entire bandwidth of the system, thus allowing nonlinear imaging at full resolution. This involves changing the phase of the transmitted signal by 180" each pulse. Conventional Doppler detection then allows separation of the linear and nonlinear (even harmonic) components of the signal, which appear in different regions of the resulting Doppler spectrum. This method, known as "Pulse Inversion Doppler" (4) offers potential for further improvement in contrast imaging. In conclusion, nonlinear imaging of microbubbles exploits the additional potential of contrast agents for ultrasound by allowing imaging and Doppler detection of flow and the blood pool in the microcirculation. Further progress in this rapidly evolving field will be provided by new full bandwidth nonlinear imaging methods, contrast agents with more stable and better characterized bubble statistics, and improvements in our understanding of the interaction of ultrasound with a populations of microbubbies in the circulation.
